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Hot modulus o£ rupture, quantitative x-ray phase 
analysis, and thermal expansion data were investigated to 
determine which o£ two theories explained the strength 
increase o£ alumino-silicate refractories at elevated 
temperatures. Stress relief and crystal precipitation are 
the basis of the disputed theories. Alumina-silica composi-
tions containing 63 and 90 percent alumina were tested. 
Modulus of rupture values were measured up to 2800°F. 
Maximum strength was found at 1800° and 2000°F. X-ray phase 
analysis showed no significant phase deviations with 
temperature in the area of strength increases. Thermal 
expansion curves indicated a relationship between maximum 
strength at high temperatures and thermal expansion slope 
changes. Results indicated that differential thermal 




Alumino-silicate refractories show an anomalous 
strength increase between 1700 and 2100°F. Since the discovery 
o£ the anomalous strength increase, numerous theories have 
been forwarded as to the probable cause. Two theories, 
crystal precipitation and relief of differential thermal 
expansion stresses by glass relaxation, have been supported 
by Russell Smith [1] and Frank Duncan [2]. The experimental 
procedures leading to their proposals were not similar, 
making comparison impossible. The purpose of this study is 
to resolve the differences between the two theories: crystal 
precipitation and stress relief as the cause of the anomalous 
strength increase. X-ray phase analysis and thermal expan-
sion will be compared with hot modulus of rupture data. 
CHAPTER II 
REVIEW OF THE LITERATURE 
Alumino-silicate refractories have been the subject 
of extensive research due to their unusual strength behavior 
at high temperatures. Hot load deformation run by Bodin [3] 
early in the 1920's showed alumino-silicate refractories 
exhibiting a maximum in crushing strength at about 1000°C. 
Further rise in temperature caused these values to fall 
rapidly. Crushing strengths as high as four times the room 
temperature values were reported. 
Some other early reports mentioning the high-tempera-
ture, high strength characteristics of alumino-silicates 
were published by Heindl and Pindergast [4], Hirsch [5], 
Roberts and Cobb [6], and Hunt and Bradley [7]. Heindl and 
Pindergast tested the modulus of elasticity and the modulus 
of rupture of several sagger clays. Of the 17 clays tested, 
15 were found to have a modulus of rupture that stayed the 
same or increased slightly at high temperatures. Only two 
clays had a sharp decrease in modulus of rupture at high 
temperatures. Heindl and Pindergast concluded that a 
positive relationship existed between transverse strength 
and modulus of elasticity. Strength rose when elasticity did. 
They noticed ttiat plastic deformation took place in the samples 
at about 950°C. Samples became deformed above this 
temperature. 
Hirsch [5] investigated the compressive strength of 
refractory materials as a function of temperature. He found 
that strengths tended to peak at about 1000°C by as much as 
five times strength values recorded at room temperature. 
Roberts and Cobb [6] studied the torsion behavior of 
refractory materials up to 1050°C. Resistance to torsion 
stress was found to attain a maximum value between 7 50 to 
900°C. They stated that the development of an increased 
resistance to shearing stresses as the temperature was 
raised was characteristic in the materials examined containing 
free silica in a crystalline condition, and the magnitude of 
the change depended on the amount of crystallizing silica 
present. Roberts and Cobb considered the maximum strength 
to mark the beginning of plastic flow in the alumino-silicates 
Hunt and Bradley [7] described equipment and test 
procedures for running a standardized modulus of rupture and 
crushing strength. Test brick included alumino-silicate 
refractories. It was noted that modulus of rupture values 
became somewhat higher in the temperature range of 1800 to 
2000°F. Above 2000°F, modulus of rupture and crushing 
samples became bent or compressed, which indicated the 
plastic flow mentioned by Roberts and Cobb. 
Several theories have been proposed in an attempt to 
explain the anamolous strength increase at high temperatures 
of alumino-silicate refractories. Many of the theories given 
as probable causes fall under the headings of: 
1. Glass Softening 
2. Capillary Suction 
3. Differential Thermal Expansion 
4. Crystal Precipitation 
Several of the theories make use of more than one effect. 
Two theories, differential thermal expansion with stress 
relief and crystal precipitation, are the subjects of this 
investigation. 
1. Glass Softening 
Proposed theories of strength increases due to the 
presence of a glass phase have been made by Wiechula and 
Roberts [8]; Padgett [9]; Padgett, Cox, and Clements [10]; 
Folk and Bohling [H]; and Rigby [12]. Wiechula and Roberts 
investigated a large range of commercial alumino-silicate 
refractories. Alumina content of the five brick compositions 
varied from 30 to 80 percent. They examined torsion, modulus 
of rigidity, shear, and flow rates up to 1400°C. Their 
results indicated that rigidity increased with temperature 
increases. The more siliceous material present, the larger 
the increase. In the region where plasticity developed 
(700 to 800°C) and rigidity began to decrease (700°C) , 
strength increases were observed. The transition from a 
rigid to a plastic sample occurred from 700 to 800°C 
regardless of composition. Wiechula and Roberts concluded 
that the same euctectic composition must be present in all 
the bricks. A considerable amount of highly viscous liquid 
is formed at temperatures well below those predicted by the 
phase diagram. They concluded that the glassy phase consisted 
predominantly of alkali and silica. The glassy phase was 
responsible for the onset of flow in refractories and the 
corresponding loss in strength. 
Padgett [9] reasoned that the high temperature 
mechanical behavior of refractories could be attributed to 
the behavior of the continuous phase. In the case of glass 
bonded refractories, he found a time-temperature dependence 
for load deformation. 
In another publication Padgett, Cox, and Clements [10] 
made a study of high-alumina refractories. Examining 
deformation data, they concluded that there is elastic 
fracture at room temperature, a yield point at higher tempera-
tures, and viscous movement at still higher temperatures. 
This softening behavior is characteristic of a glass bond 
and results in a weakening of the sample. 
Folk and Bohling [11] had data supporting the idea 
that the larger the glass content present in an alumino-
silicate refractory, the higher would be its hot modulus of 
rupture. They investigated alumino-silica firebrick with 
alumina content varying from 4 5 to 9 5 percent. They 
concluded that the high temperature strength of alumino-
silicate refractories is influenced by its firing temperature 
as well as composition. Both of these affect the glass 
content. 
In a study discussing the origin of strength in 
ceramic materials, Rigby [12] included alumino-silicates. 
Rigby noted that the glass matrix associated with fireclay 
refractories possessed a higher viscosity than would a glass 
free from crystalline phases. Drawing an analogy with clay 
slips, he used orientation of the random network to explain 
strength increases. 
2. Capillary Suction 
The effect noted by Rigby [12] of a glassy phase 
increasing in viscosity when a crystalline material was 
dispersed within could have been due to capillary suction. 
Houseman [13]; Allison, Brock, and White [14]; and Houseman 
and White [15] concluded that there is evidence to support 
strength increases due to capillary suction occurring in 
refractories at high temperatures. This theory is similar 
to the glass relaxation proposal in that it requires a 
softening of the glass present before it becomes a mechanism 
of strength increase. 
Houseman [13] investigated hot compressive strength 
of silica and sillimanite refractories in his studies. Once 
a certain temperature was reached (1100°C for his silica 
samples and a much lower temperature for the sillimanite 
bricks), hot strength rose rapidly. Houseman believed a 
continuous film o£ liquid developed over grain surfaces in 
this temperature range. Subsequently, a "cementing together" 
of the grains occurred and strength rapidly increased. 
Further heating produced decreases in strength due to a 
lower liquid viscosity. Cooling the samples produced 
strength increases due to solidification of the liquid bond. 
Strength drops on continued cooling due to strains set up in 
the sample and possible cracking. 
Allison, Brock, and White [14] agreed with Houseman 
that cohesion between the crystalline phases was the cause 
of strength increases. They used compressive strength, 
tensile strength, and cohesion data to support their 
hypothesis. Their final results indicated that some solid-
to-liquid bonding probably occurs between particles as well 
as continuous film capillary forces. Continuous films form 
lenses of liquid which tend to draw particles together by 
capillary forces. Allison, Brock, and White pointed out this 
case did not ideally exist in alumino-silicates. Instead the 
liquid phase tends to coalesce to form globules within a 
solid matrix. Strength is affected very little by capillary 
forces when these glowules form. Instead liquid bonding 
gives a strength increase. Relations between the flow 
properties of commercial refractories at high temperatures 
and those of liquid bonded aggregates were given as evidence 
that many refractories behave as liquid bonded aggregates. 
Houseman and White found [15] in their study of bond 
strength that the crushing strength o£ alumino-silicate 
refractories was a maximum in the region of 1000 to 1080°C. 
They concluded that the strength increase was due to the 
presence of low melting liquids. On cooling from high 
temperatures, progressive stiffening of the bond occurs. 
Strength falls off due to the formation of microcracks 
created by a difference in thermal expansion between the 
crystalline matrix and the glass. 
3_̂  Differential Thermal Expansion 
Crystals with a different thermal expansion than the 
glass matrix in which they are cooling causes stresses to set 
up in the system. Mattygsovsky-Zsolnay [16] gave much insight 
into the influence of particle size on the room temperature 
strength of porcelain bodies. He found that crystalline 
materials having a higher expansion than the matrix can 
favorably prestress it, causing increases in room temperature 
strength. A certain optimum size of quartz grains best with-
stood the stresses. Cracks that form due to differences in 
thermal expansion can cause the matrix to weaken due to 
Griffith's flaws. Particles larger than this optimum size 
cause strength decreases. Smaller particles do not create 
enough stress for sizable strength increases. 
Richard Fulrath [17] showed how stresses develop in 
model systems. His studies were of crystals and glass 
fabricated by hot pressing. Examples of how the matrix 
appears for samples in which the glass has a higher expansion 
than the crystal and for the reverse case are given in Figure 
1. When the glass has the higher thermal expansion coeffi-
cient (Figure 1-a), cooling introduces tensile forces normal 
to the crystal glass interface. At crystal-crystal contacts 
a compressive stress is developed. Shear forces tangential 
to the surface places the glass in tension. When the crystal 
has the higher expansion (Figure 1-b), the force normal to 
the surface places the interface in compression. The 
tangential force places the glass in compression and the 
crystal in tension. The crystal-crystal contacts are also in 
tension. Fulrath does point out that crystals are not always 
spherical as in his ideal system, and that packing may not 
follow as anticipated. 
Expansion differences such as those described by 
Fulrath have been used as an explanation of strength increases 
in alumino-silicate refractories. Thermal expansion, thermal 
expansion and stress relief, and crack rehealing caused by 
differential thermal expansion all involve differential 
thermal expansion. Expansion differences set up stresses in 
the crystal-glass interface and have been proposed as 
possible mechanisms for strength increases. 
Thermal Expansion 
Bressman [18]; Das and Roberts [19]; Davis and Rigby 
[20]; Chaklader and Roberts [21]; and Palfreyman [22] 
proposed that differences in thermal expansion are responsible 
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Figure 1. Stress in a Crystal-Glass Model System 
with Open Cubic Packing of Spherical 
Crystal Particles 
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for strength increases in refractories. Bressman used 
sillimanite refractories and investigated tensile strength, 
stress-to-rupture characteristics, and modulus of elasticity. 
He concluded that tensile strength increased to a maximum 
value at 1800°F. Phase changes such as the volume increase 
in cristobalite from 392 to 500°F and the healing by expan-
sion of small cracks and stresses in the particles would cause 
the strength to increase. 
Das and Roberts [19] studied commercial silica 
refractories by torsion measurements. They concluded that 
modulus of rigidity increases between 225°C to 1200°C were 
due to two factors: the differential expansion between 
crystals and matrix, and an inherent property of silica 
minerals. Rigidity decreases from 1200 to 1600°C were not 
explained. 
Davis and Rigby [20] investigated commercial firebrick 
with alumina content varying from 24 to 72 percent. They 
concluded that differential thermal expansion was the main 
cause of the rise in the modulus of elasticity. A discon-
tinuous clay matrix and grog grains departing from the ideal 
spherical shape discussed earlier in Figure 1 gives a 
"wedging" or "jamming" action of the particles. This 
"wedging" or "jamming" action results in modulus increases. 
Measurements were not made to show behavior above 1000°C, 
and thus no high temperature behavior was proposed. 
Davis and Rigby [23] later continued their studies of 
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high temperature strength increases using chroinite-inagnesite 
refractories. They determined that differential thermal 
expansion played a major role in strength increases. Two 
effects were noted as possible causes of the strength 
increases: crystalline expansion into voids present due to 
differential thermal expansion and interlocking of the 
different grains expanding against each other. On cooling 
from peak strength temperatures, decreases in modulus of 
rupture from peak values at high temperatures occurred. The 
modulus decreases were attributed to a breakdown of the 
crystalline bond. Stresses from differential thermal 
expansion and jamming in the voids created by crystalline 
cooling cause a charge in low temperature strengths on 
thermal cycling. 
In their studies of silica refractories, Chaklader 
and Roberts [21] supported the theory of Davis and Rigby 
that stresses due to differential thermal expansions cause 
strength increases. Figure 2 shows the case where the crystal 
has a greater expansion than the matrix. The crystal tends 
to break away from the matrix on cooling (Figure 2-a) and 
rejoin on heating (Figure 2-b) . Further heating is likely 
to cause stresses in the sample (see Figure 2-c). Compressive 
stresses occur in the crystal and tensile stresses occur in 
the matrix. Crystals need not be round or surrounded by 
glass as in Figures 2 a-c. Condition a in Figure 2 with an 





a = Crystal-Glass (Room Temperature) 
b = Crystal-Glass (High Temperature) 
c = Stresses on Cooling 
d = Irregular Particle in Void 
e = Anisotropic Expansion 
d. 
Figure 2. Expansion Behavior of a Crystal in 
a Glass Matrix (Crystal has high expansion) 
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stress in Figure 2-a could be greatly reduced from Case c in 
Figure 2 due to stress relief by crystal movement on the 
axis. Chaklader and Roberts noted that above 600°C expansion 
differences between cristobalite and glass become very 
small. Adjacent crystals could have expansive stresses due 
to anisotropy on heating. 
Palfreyman [22] made high-alumina refractory samples 
and investigated hot modulus of rupture from room temperature 
to 1400°C. Different raw materials were investigated to see 
their effect on hot modulus of rupture. The increases in 
hot strength were noted, their peaks occurring between 1000 
and 1100°C. Results indicated that the grog, in addition to 
the binder, plays an important part with respect to strength. 
Different grogs such as fused versus tabular alumina, gave 
different strength curves. This effect was also noted in 
chromite-magnesite refractories by Davis and Rigby [23] 
With tabular alumina, mullite formed between the grog grains 
without bonding to them. The grog grains come apart on 
cooling from initial firings. As a result, the structure 
is discontinuous. The broken structure accounts for the 
lower cold strength, which increases as temperature is raised 
due to the rejoining of grains. Tightening of the structure 
is the result of the different expansions of the alumina and 
mullite. A lowering of strength could take place as the 
bonds become disrupted at high temperatures. This loss of 
strength is caused by microcracking from thermal stresses. 
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This would cause a strength peak. Above 1200°C, liquid 
phase formation by Na^O impurities gives continued loss in 
strength. 
Thermal Expansion and Stress Relief 
The combination of thermal expansion and stress relief 
has been proposed to explain first the rise, then the loss 
in strength of alumino-silicates, This theory is one of the 
stronger ones, which evidence supports. A study by the 
Joint Refractories Research Committee [24] used alumino-
silicates with an alumina content of 85 percent. The brick 
showed a maximum modulus of rupture at about 1000°C. The 
gain in strength was thought to be due to differential thermal 
expansion. They concluded that the strength reduction at 
higher temperatures due to the softening of the glassy 
phase bond. 
Miller and Davis [25] in their modulus of rupture 
studies of alumino-silicate refractories tested commercially 
fabricated bricks ranging from conventional silica to 99 
percent alumina. They found that the strength peak was most 
pronounced for refractories containing both crystalline 
and glassy phases. Gains in strength with increasing 
temperature were caused by changes in stresses resulting 
from dissimilar phases possessing different thermal expan-
sion. Above 20()0°F, strength loss was cuased to softening 
of the glass. 
Duncan in his thesis at Ohio State University [2] 
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studied the elastic deformation and hot modulus of rupture 
of alumino-silicate bodies at high temperatures. Different 
loading rates were investigated for compositions ranging 
from 65 to 81 percent alumina. Stress-strain curves were 
drawn for each loading rate. His conclusions were that the 
bodies he studied were viscous in nature. Strength increases 
at high temperatures were the result of stress relief. 
Particle movement at higher temperatures caused the observed 
lowering of strength. 
Padgett and Clements [26] studied the stress-strain 
and modulus of elasticity behavior of alumino-silicate 
bricks at high temperatures. Mullite particles were used 
with different bonding matrices of alumina, glass, and 
mullite. When the body behaved as a one-phase material (all 
mullite), a drop in the modulus of elasticity occurred with 
increasing temperature. A rise in the value for two-phase 
material occurred. Larger modulus of rupture increases 
were also reported for the two-phase materials versus the 
one-phase. Again, as noted by earlier investigators, 
strength dropped above 1000°C for all samples due to a 
softening of the glass. Differential thermal expansion and 
stress relief between the bond and the mullite affected 
strength. 
Couch and Jolliffe [27] studied the stress rate and 
modulus of rupture of an 85 percent alumina refractory and 
a mullite refractory. Closely examining the fracture 
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surfaces at the high temperatures (1400°C) and comprising 
them with room temperature samples, the conclusion was 
reached that failure was due to plastic deformation and 
movement at the grain boundaries. They felt that the rise 
in fracture stress was produced by expansion differences 
between mullite, alumina, and the glassy phase. Their 
proposal of differential thermal expansion and stress relief 
thus adhered to the principles of several other researchers. 
Above 1000°C the strength falls off rapidly due to stress 
relief. Cooling the matrix below 1000°C increases strains 
imposed locally due to different thermal expansion. Thus, 
the external stress required to bring the internal stresses 
up to critical level for crack propogation is smaller at 
lower temperatures. The expansion of alumino-silicate glass 
- f\ 
is typically 4.5 x 10~ /°C while that of mullite is about 
- (~\ 
5.6 X 10 /°C. Relaxation of the glass leads to a blunting 
of the crack tip and reduction of stresses. Thus, the stress 
required to initiate failure increases even more. 
Alexanderson [28] related density, thermal shock 
resistance, and hot modulus of rupture in an attempt to find 
lightweight high-strength, high-alumina refractories. Alumina 
content varied between 90 to 99 percent. His data showed 
the same behavior of stress relief occurring in the matrix, 
then a rapid drop in strength due to softening of the glass. 
Tripp [29] studied hot modulus of rupture behavior of 
alumino-silicate refractories with 50 to 90 percent alumina. 
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He concluded that the peak strength reflects the temperature 
where glass bond present enters an annealing range. Stresses 
due to different thermal expansion are relieved. Continued 
heating above where the strength peak occurs causes a soften-
ing of the glass and fracture occurs by deformation. 
In contrast to the theories of differential thermal 
expansion as the cause of strength increases, Roberts [30] 
presented a different theory. He felt the differential 
expansion resulted in reduction of voidage to give an 
increased area or volume to resist the applied stress. 
Thus, strength increases are simply the reversal of physical 
changes that occur on cooling. The crystals tend to separate 
from the liquid once the latter has become rigid due to 
thermal expansion. Reheating causes the grains to gradually 
reoccupy the voids. When the crystals regain complete 
contact with the matrix, no further strength increase occurs. 
This is also the point where the matrix softens, giving a 
pronounced drop in strength. Roberts discounted the mechanism 
of internal stresses set up by the difference of expansion 
between two phases. "Stress might well arise in this way 
at innumerable localized points, but at each point the stress 
would have a definite and probably different direction, 
giving statistical equality between positive and negative 
stresses in the mass as a whole and thus an overall resultant 
of zero." 
Rigby [31] enlarged upon the causes of the strength 
increases mentioned earlier in basic brick to include all 
refractories where expansion mismatches occurred. He 
worked with bauxite refractories of about 85 percent 
alumina. His proposal was similar to Robert's void occupa-
tion. On reheating a brick, however, Rigby feels that little, 
if any, strength increase occurs until the cracks begin to 
close. Strength begins to increase once contact is estab-
lished. Up to 850°C Rigby found no increase in modulus of 
rupture. Glass remote from crystal boundaries softens first 
above 850°C, then strength rises due to crack closure and 
healing of cracks. Bonds are then formed between particles. 
Strength drops when viscosity becomes too loi\r (about 1100°C) 
and allows movement of particles occurs. 
4. Crystal Precipitation 
The possibility of phase precipitation being the cause 
of the strength increase in the mullite glass system was 
presented by Studt and Fulrath [32]. This phase was cristo-
balite and was suspected of helping bond glass and mullite. 
As temperatures rose to the strength peak, internal stresses 
due to large amounts of cristobalite formation outweighed 
the increased interfacial bonding, and strength began to 
decrease. 
Viscosity changes due to cristobalite formation at 
high temperatures was proposed as the cause of peak strength 
in work by Chaklader and Roberts [33]. Their investigations 
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o£ silica refractories showed viscosity increases with 
cristobalite precipitation in the temperature range where 
strength peaked. They also found that room temperature 
modulus of rigidity values fell off greatly when cristobalite 
voids formed at room temperature. 
Smith [1] studied bodies of 63 and 90 percent alumina. 
Smith noted that the modulus of rupture of a mullite fire-
brick showed a 54 percent strength increase at 2000°F. 
Cristobalite content increased seven percent, and glass 
decreased seven to nine percent. Mechanisms of the strength 
increase noted here were an increase in viscosity due to the 
presence of cristobalite crystals in the phase, the formation 
of cristobalite link between mullite and alumina, a decrease 
in bond thickness, and the reduction in the quantity of glass 
present. 
5. Summary of Leading Theories 
Q The strengthening mechanism in alumino-silicate 
refractories has several possible causes. One of the more 
recent theories was supported by Duncan at Ohio State 
University. As mentioned earlier, he felt that stresses set 
up by differential thermal expansion and the relief of these 
stresses at high temperatures by glass relaxation caused the 
observed strength increases. In contrast. Smith showed by 
x-ray phase identification that the non-crystalline portion 
of a mullite firebrick devitrified into a significant amount 
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of cristobalite in the same temperature range where an 
increase in the modulus o£ rupture occurred. Smith felt, 
as stated under an earlier theory, that the increase in 
cristobalite, cristobalite linking between mullite grains, 
and the decrease in glass content were the major causes of 
strength increase. The purpose of this work is to analyze 
and resolve possible differences in the strengthening 
mechanisms reported by Smith and Duncan. The two investi-
gations could have the same results; yet, because Duncan 
did not use x-ray phase identifications, comparison of the 




Seven alumino-silicate compositions of 63 and 90 
percent alumina were investigated. Two o£ the compositions 
were similar to those used by Smith [1] and Duncan [2]. 
Modulus of rupture at elevated temperatures and its peak 
strength were related to crystalline phase changes and 
thermal expansion behavior. Crystalline behavior was analyzed 
by the x-ray internal standard procedure. Thermal expansion 
measurements were used to analyze stress relief in the 
samples. 
Sample Preparation 
The calculated oxide formula of the seven compositions 
investigated are listed in Table 1. Mixes I-IV are of a 
high mullite composition, and mixes V-VII are of a high 
alumina composition. Mix I is a body similar to that 
studied by Smith, and mix III is similar to that studied by 
Duncan. Grain sizing and raw material sources are the 
differences between mixes I-IV. Mix II is a fine grained 
body of mix I. Mix IV is a fine grained body of Duncan's 
mix III using the same raw material sources as Smith. Mix 
VI is a coarse grained 90 percent alumina composition and is 
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except kaolin is the raw material source of silica instead 
o£ the flint. 
The screen analyses of all mixes are given in Table 2, 
and are plotted in Figure 3. It should be noted that mixes 
I and V are coarse grained, while mixes II, III, IV, VI, 
and VII are fine grained. The fine mix compositions can be 
further subdivided into two groups having similar screen 
analysis, namely mixes II, III, and IV; and mixes VI and VII. 
All samples compositions were weighed in 100-pound 
batches and were mixed in a Lancaster mixer for two minutes 
dry. After this, three pounds water and one pound of an 
organic binder. Additive A, were added to mixes I-IV; and 
2.5 pounds water and 2.5 pounds Additive A were added to 
mixes V-VII. Each was then mixed for an additional 15 
minutes. Mixes were allowed to age 48 hours at room tempera-
ture in plastic bags before pressing. This was done to attain 
even moisture distribution. Samples 1" x 1" x 6" were 
pressed, using a screw press, to a constant but unknown 
pressure. 
The samples were allowed to air dry overnight, and 
then were further dried in a gas fired drier at 220°F for at 
least 24 hours. Samples were gas fired in two groups: 
compositions I-IV at 2450°F for eight hours and compositions 
V-VII at 2700°F for one hour. Density was determined by 
measuring sample dimensions to 0.01 inch and weighing samples 
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The following numbering system was used for all 
samples and will be used throughout the text: I-l. The 
first number (in Roman numerals) is the number of the mix 
and goes from I through VII. The second number refers to 
the particular sample of the mix being tested, goes from 1 
through 40, and is explained in Appendix A. 
Experimental Procedure 
Hot Modulus of Rupture 
Hot modulus of rupture data was measured on equipment 
similar to that described by Folk and Bohling [11] . The 
1" X 1" X 6" samples were broken once every ten minutes. 
When the test temperature was changed, one hour was allowed 
to raise test temperature 200°F. Six test specimens were 
then broken allowing sufficient time for equilibrium to be 
established. Modulus of rupture was measured at the following 
temperatures: 




The formula used to compute modulus of rupture (MOR) was: 
PT 
MOR = 3/2 — bd^ 
where 
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MOR = Modulus o£ rupture in psi 
P = breaking load (pounds) 
L = breaking span in inches (4 inches) 
b = width o£ specimen in inches at fracture point 
d = depth o£ specimen in inches at fracture point 
X-Ray Phase Analysis 
Phase Identification 
The samples broken for the modulus of rupture determi 
nation were used for x-ray phase analysis. A cut 3/4" back 
from the broken face was made with a water-cooled diamond 
saw. This sample was used for x-ray examination. After 
allowing drying overnight in a gas drier, the samples were 
broken in a porcelain mortar and pestle until all the parti-
cles would fit into a tungsten carbide shatterbox. Samples 
were ground for ten minutes in the shatterbox. Wet screen 
analysis indicated less than two percent of +325 mesh 
particles. 
X-ray diffractions analysis was performed with a 
Philips-Norelco diffractometer using nickel filtered Cu Ka 
radiation. X-ray counts were measured with a sintilitation 
detector and Ortec electronics. The x-ray beam geometry was 
defined by a 4° take-off angle, a 1° divergence slit, a 1° 
scatter slit, and a 0.003" receiving slit. Operating 
conditions were 45 KV, 25 ma. The following phases were 






Internal Standard Technique 
Quantitative phase analysis [34] was accomplished using 
the internal standard technique described by Klug and 
Alexander. 
The internal standard technique involves scanning a 
characteristic diffraction peak of a crystalline phase to 
obtain the diffracted intensity. These intensities were 
measured by obtaining the number of counts in the peak. 
Comparison of these counts with the counts obtained for a 
known standard introduced into the material gives one an 
approximation of the amount of the phase present. The 
theoretical justification was explained by Klug and Alexander 
and is given the following equation: 
X. = K ^ 
j I ks 
where 
X. = weight fraction of component j in a mixture 
I.. = intensity of line i of component j of a mixture 
(unknown) 
I, = intensity of line k of component s of a mixture 
K = constant 
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Thus, when the internal standard is added in a 
constant proportion X , the concentration of component j is 
a linear function of the intensity ratio: I../!, . By the 
^ ij Ks ^ 
preparation of curves of known phase concentrations, an 
unknown concentration can be analyzed by comparison with 
these curves. 
The intensity is obtained by scanning the diffraction 
peak characteristic of the crystalline material. This peak, 
for example the 110 peak of mullite centered at 16.42°2e, 
is scanned from 16.00° to 17.00°2e. The number of counts in 
the peak were determined. The background counts were 
subtracted from the total number of counts in the peak to 
determine net counts in the peak. The background was obtained 
by taking half the total scan time counting at the starting 
angle (16.00° in the above example), then counting at the 
finishing angle (17.00° in the above case) for an equal 
length of time. The total number of background counts was 
subtracted from the number of counts obtained from the 
angular scan (16.00° to 17.00°). This removes noise, giving 
one only the diffracted peak intensity. 
To provide maximum accuracy of peak intensity measure-
ments, angles must be chosen for minimal interference from 
the other crystalline phases present. The scanning angles 
chosen are listed in Table 3. The internal standard used 
was rutile (TiO^) of a 2-5 p particle size supplied by TAM. 







































































• H 0 
+J tf) 
m t/) 
O T i 
P! 
0 O 
s U • H 0 
-P tA 
r H 











cr> vT) V O LO (N l 
CSI O ^ LO O t o 
i H r H i H T H 
O (Nl 
'vl- en 






0 o o o o 
o o o o o 
o t o LO o o 
• • • • • r-- t H CNI 0 0 -vl-
i H CSl CSI CSI ^ 
o o o O O 
o o o o o 
o LO CNI i H (3^ 
vO o rH !>- CNI 































































t/) P ISI 
03 • H p 4-> 
rC r H fH in 
PM r H oj •H 
3 ^3 5H 











0.001 gram on a Mettler balance. Ten percent of the weight 
was added in rutile. The sample was then placed a second 
time in the shatterbox for two minutes. This was used to 
mix the components. 
Sample preparation for x-ray analysis was performed 
by the back loading technique. The front of a sample holder 
that receives the diffracted beam was placed on a flat 
frosted glass slide. A second sample holder was placed on 
top of the first and powder was placed in both by tapping a 
spatula over the sample holder area until the cavity was 
filled. Excess powder was then scraped off, and the second 
holder removed. The flat blade of the spatula was used to 
press the powder into the back of the first sample holder. 
A random sample surface was obtained by pulling the frosted 
glass slide perpendicularly away from the holder (not 
sliding). 
Standards to be used as a basis to compare with 
unknowns were prepared. Crystalline quartz, alumina, 
cristobalite, and mullite were obtained. In the case of 
mullite, the sample used was estimated to contain 10 percent 
glass and 90 percent mullite. Table 4 lists the compositions 
used to make calibration calibration curves. Once the ratio 
of the peak for a particular phase and the internal standard 
have been obtained, the amount of the phase present can be 
determined from the calibration curve. 
The equations for the calibration curves were determined 
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Quartz Crist Mullite Alumina Glass 
1 0 25 45 25 5 
2 0 10 72 10 8 
3 10 10 27 50 3 
• 
25 25 22.5 25 2.5 
5 5 0 4.5 90 0.5 
6 5 5 4.5 85 0.5 
7 10 5 13.5 70 5.5 
8 0 30 63 0 7 
9 15 IS 63 0 7 
10 5 10 13.5 70 1.5 
11 10 10 63 10 7 
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by least squares regression analysis using a PDP-8/E 
computer. These equations along with their standard error 
of estimate and correlation coefficients are listed in 
Table 5. The raw data is included as Appendix B. 
Standard sample 3 (see Appendix B) was x-rayed five 
times to determine the repeatability of the x-ray technique. 
The sample holder was repacked before each x-ray scan and the 
five scans were done on different days. The results obtained 
are given in Table 6. 
Three samples were chosen for each composition from 
every grouping of a temperature at which hot MOR was deter-
mined. Each sample was x-rayed once and phase content of 
the three samples averaged together. The raw data is listed 
in Appendix B and the average values are presented in the 
Results and Discussion of Results Chapter. 
An experiment to determine if specimen cooling rate 
affected the room temperature phase composition was performed 
since Smith had water quenched samples he used for phase 
analysis. Samples 1/2" x 1/2" x 1" were cut from specimen 
1-3. These were heated in an electric kiln at 250°F/hour to 








Table 5. Phase Identification Equations 
Mullite 
X = 63.36935 (Y) + 1.499034 
Standard error o£ estimate = ±1.414163 
Correlation Coefficient = 0.998440 
Al^O 
X = 28.77690 (Y) + 5.653423 
Standard error of estimate = ±1.1722671 
Correlation Coefficient = 0.999261 
Quartz 
X = 35.352803 (Y) + 1.186988 
Standard error of estimate = ±0.981896 
Correlation Coefficient = 0.988711 
Cristobalite 
X = 7.272886 (Y) + 0.4531161 
Standard error of estimate = ±0.6490919 
Correlation Coefficient = 0.997192 
X = weight percent of component being examined 
Y = <̂ Qm̂ "̂ s in peak of unknown 




Table 6. X-Ray Phase Analysis Reproducibility 
Weight Percent 





















48.91 9.35 9.92 
50.61 9.57 10.13 
50.21 9.65 10.50 
51.30 9.71 10.61 
49.72 9.40 9.49 
50.15 9.54 10.13 
0.90 0.16 0.45 
50.61 9.71 10.61 
48.91 9.35 9.49 
Test Sample = Std. 3 
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One sample was allowed to cool to room temperature in air, 
and the other sample was quenched in water. Each sample was 
ground in a mortar and pestle to pass 48 mesh. They were 
then individually ground in a Fisher automatic mortar and 
pestle for one hour. The rutile internal standard was added 
as described earlier. Mixing was accomplished by placing 
the powder in a small glass jar with two glass marbles and 
shaking for one hour in an automatic shaker. This data also 
appears in Appendix B. 
Thermal Expansion 
Thermal expansion was measured using an Orton 
Automatic Recording Dilatometer. Thermal expansion for all 
compositions was measured in the as-fired condition and after 
hot modulus of rupture determination at 2800°F. All of these 
specimens were cut from the "a" position, the length top, as 
shown in Figure 4. To determine the effect of sample 
orientation on thermal expansion, specimens were cut from 
sample numbers 1-4 and 11-37 in the a, b, c, and d positions 
explained in Figure 4. All samples were cut to approximately 
1/4" by 1/4" by 1" with a water-cooled diamond saw. The one-











Figure 4. Thermal Expansion Sample Origin 
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CHAPTER IV 
RESULTS AND DISCUSSION OF RESULTS 
Density, modulus o£ rupture, phase behavior, and 
thermal expansion data were analyzed. The maximum strength 
between 1700 and 2100°F for the alumino-silicate compositions 
and its relationship to phases present and linear thermal 
expansion were examined for each mix. The two theories of 
crystal precipitation and stress relief by glass relaxation 
were investigated. Stresses relieved are those set up by 
differences in expansion between phases present and anisotropic 
expansion. 
Sample Density 
Variations in fired sample density occurred for both 
the mullite mixes I-IV and for the high-alumina mixes V-VII, 
Table 7. Raw materials and particle size were the causes of 
these density variations. The estimated standard deviations 
for density of each mix indicated that sample fabrication 
using the screw press gave uniform sample densities. 
Modulus of Rupture 
Modulus of rupture data reported in Table 8 is the 
average of five samples (for raw data see Appendix A). Plots 
of modulus of rupture versus temperature are shown in Figure 
40 
Table 7. Average Fired Density and Estimated Standard 
Deviation for Ten Specimens of Mixes I-VII 
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5 for mixes I-IV and Figure 6 for mixes V-VH. 
It should be noted that every plot of hot modulus of 
rupture versus temperature has the characteristic rise in 
strength of alumino-silicate mixtures. These results are 
similar to those obtained by Russell Smith [1] and Frank 
Duncan [2], Figures 5, 6, and 7. The peak in strength 
occurred between 1800° and 2100°F. Notice that despite the 
chemical similarity of mixes I-IV, there is a large difference 
in the maximum strength observed in this high mullite series. 
Mix I, which had the largest grain size of these groups, shows 
a greater maximum strength than mixes II and IV, which were 
much finer in grain size. This was the reverse of the 
expected trend of smaller grain sizes giving greater strengths. 
Mix III, however, does appear to follow this expected trend. 
Its modulus of rupture values were larger than those for 
mix I, II, or IV. It had a grain sizing comparable to mixes 
II and IV. 
Mix I had the highest density of these 4 mixes, 
followed by mix III (see Table 7). Mixes II and IV had the 
lowest densities. This agrees with the expectation that 
lower density specimens would have lower strength. When the 
densities are comparable (for example, mixes I and III), 
dramatic strength increases were observed when the particle 
size was decreased. 
The same effect of the larger grain mixes having the 
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= Composition II 
= Composition III 
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Figure 5. Hot Modulus o£ Rupture 
Compositions I-IV 
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O = Composition V 
^ = Composition VI 
O = Composition VII 
14 16 18 20 22 
Temperature (°F x 10^) 
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Figure 7. Hot Modulus of Rupture Strengths 
Obtained by Duncan and Smith 
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(V-VII). Strength differences were not as pronounced as 
those observed in the mullite mixes. Mix V had the largest 
particle size and showed the greatest strength. The fact 
that mix V also had the greatest fired density (Table 7) 
agrees with the above results. However, mix VII had a fired 
density similar to mix V and had a lower strength. This is 
probably due to the use of clay in mix VII as a source of 
SiO^, which resulted in the formation of less glass as shown 
by x-ray analysis in the following section. 
X-Ray Phase Analysis 
Using the scan procedures outlined earlier, the 
amount of each phase present was estimated. X-ray data for 
individual samples is in Appendix B and summarized in 
Appendix C. 
Rate of Quenching 
The results obtained from the investigation into the 
difference between air and water quenched sampled are given 
in Table 9. No significant difference was detected in the 
phases present in the air and water quenched samples; thus 
present results are comparable. 
Phase Analysis 
The average phase composition for the seven mixes is 
summarized in Appendix C. The relative amount of glass 
present can be determined by subtracting the total crystalline 
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^ = aAl2CU 
i^ = Cristobalite 
• = Quartz 
Q = Mullite 
tt = Total Phases Present 
O = Modulus o£ Rupture 
Temperature CT x 10 ) 




Z^= oAl-̂ Ô  
Ak = Cristobalite 
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Figure 9. Phase and Strength Changes vs. Temperature 
Composition II 
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i \ = aAl.»0-
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Figure 10. Phase and Strength Changes vs. Temperature 
Composition III 
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Zl̂ = aAl20̂ ^ 
ik= Cristobalite 
• = Quartz 
a = Mullite 
• = Total Phases Present 
O = Modulus of Rupture 
Temperature C**F x 10 ) 
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Figure 13. Phase and Strength Changes vs. Temperature 
Composition VI 
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A = aAl^O^ 
L o 
^ = Cristobalite 
S = Quartz 
D= Mullite 
• = Total Phases Present 
O = Modulus of Rupture 
Temperature (**? ^ lO'̂ ) 
Figure 14. Phase and Strength Changes vs» Temperature 
Composition VII 
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compositions, total crystalline phases are often greater 
than 100 percent. This can be attributed to the accumulative 
errors for compositions having a large amount of crystalline 
material present,. The variation of phases with temperature 
are plotted in Figures 8-14. 
Compositions I-IV are similar in their relative phase 
content as would be expected due to their similar chemical 
composition. In mixes I-IV, alumina and cristobalite content 
remains essentially constant until approximately 2400°F, 
where they begin to decrease. The weight percent mullite 
stayed essentially constant to 2400°F, where it began to 
increase. It thus appears that AI2O, and Si02 react, forming 
mullite above 2400°F. The large decrease in the amount of 
cristobalite indicates that besides reacting to form mullite, 
silica was also converted to form a glassy phase above this 
temperature. The total crystalline content thus gradually 
decreased at higher temperature as the glass content 
increased. This is due to two things: silica reacting at the 
higher temperatures to form mullite and glass and other 
crystalline phases reacting to form glass. No significant 
deviations of the strength peak with phase behavior was 
found. 
The crystalline phase content of the high alumina mixes 
V-VII is shown in Figures 12, 13, and 14. Again, as noted 
for the mullite mixes, there was no significant relationship 
between the phase content and the hot modulus of rupture 
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below 2400°F. Cristobalite, quartz, and alumina decreased 
with temperature above 2400°F. In general, mullite and 
glass increased in this temperature range. Composition VII 
had no quartz present because clay was used as a source of 
Si02. The alumina and silica of the clay reacted to form 
mullite, cristobalite, and glass. Mullite content was 
higher in mix VII than in mixes V and VI while cristobalite, 
glass, and alumina were lower. The silica and alumina in 
clay is in a form that more readily reacts, forming mullite, 
versus free quartz and alumina, which relies on crystal-
crystal contact or a glass solution. Strength is also much 
lower in composition VII, less glass was formed, and there 
is thus less glass bond. Consequently a lower strength 
results. 
Phase Comparison 
Smith's and Duncan's results for similar mullite 
compositions are shown in Figure 15. Modulus of rupture 
along with the cristobalite and glass content from Smith's 
work were plotted. Only modulus of rupture results from 
Duncan's investigation were plotted as no x-ray data were 
available. Results obtained from compositions similar to those 
used by Smith and Duncan are shown in Figures 8 and 10. 
Composition I is the same as that of the mullite brick used 
by Smith in his thesis, and composition III is the same as 
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Figure 15. Results Obtained for Crystalline Analysis 
and Hot Modulus of Rupture by Smith 
and Duncan 
Smith's data led him to conclude that a cristobalite 
increase and glass decrease were the causes of the hot 
modulus strength increase. There appears to be no signifi-
cant differences in the phases content of Smith's samples 
and the present samples made of his and Duncan's compositions 
Both mixes I and III had similar phase content; however, 
their similar chemical compositions cause this to be 
expected. All three works show the same hot modulus of 
rupture trend. It should be noted that Duncan's specimens 
were about five times stronger than those of the other two 
investigations. The temperature where maximum strength 
occurred depends on firing temperature, loading rate, sample 
density, and many other factors. Smith's results show a 
definite increase in the amount of cristobalite present, 
going from none detectable at 1800°F to a high of nearly 12 
weight percent at 2300°F. This fact along with the decrease 
in glass content of 7.4 percent at 2300°F led Smith to 
conclude that the maximum in the modulus of rupture curve at 
about 2000°F was related to cristobalite precipitation from 
the glassy phase. 
It appears that the current mullite compositions were 
fired to a temperature several hundred degrees Fahrenheit 
lower than Smith's. This assumption is based primarily on 
the fact that Smith's as fired composition did not contain a 
detectable amount of cristobalite (Table 10) and also that 
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o£ the current mullite specimens (fired to 2450°F) after 
being tested at 2800°F was similar to that of Smith's work, 
it appears that cristobalite and alumina reacted at the high 
test temperatures to form mullite and glass (see Figure 8). 
Based on the fact that both Smith's work and the 
present investigation of high-mullite compositions showed 
that modulus of rupture values reach a maximum around 1800°F-
2000°F and that no significant phase content changes were 
detected until testing temperature was around 2400°F, it 
appears that the cristobalite precipitation mechanism 
proposed by Smith is not the major cause of modulus of 
rupture strength increase. The behavior of the strength 
versus temperature curve may be influenced by cristobalite 
precipitation and glass decrease, but a different mechanism 
must cause the observed strength behavior. 
No significant deviations of strength and phases were 
observed for the high-alumina experimental mixes up to 2400°F. 
Comparison of Figures 11-14 shows that the phase content 
remains constant in the area strength peaks (1800°F). 
Alumina content varied due to its high amount. Cristobalite 
increases and glass decreases may cause greater strength 
changes in the temperature range of 1800°F to 2100°F; however, 
mixes I-VII show no phase deviation. 
Thermal Expansion 
Since evidence by previous phase analysis indicated 
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that crystalline phase changes were not justified as the 
cause o£ the observed maximum strength, strength increases 
due to stress relief in the temperature region where viscous 
flow occurs were investigated by the use of thermal expansion 
When a refractory composition containing glass cools, strains 
are set up in the materials as the glass reaches the point 
where it is perfectly elastic. These strains are set up by 
differential thermal expansion between the different phases 
and anisotropic expansion of the same phase. On reheating, 
these stresses can reach the zero strain point through 
relaxation of the glass. As the stresses are relieved, 
strength can increase, depending on the type stresses present, 
With further heating, the glass will reach its annealing 
temperature. Between this temperature and the yield point of 
the glass, glass can allow particle movement when a force 
is applied; and strength will drop. The thermal expansion 
curves in graphs 16-37 for mixes I-VII will be analyzed for 
this behavior. 
Different thermal expansion sample orientations were 
tested due to expected differences in expansion behavior. 
Plastic flow would often create a bowed bar before the sample 
would break in hot air. It was felt that grain orientation 
or a difference in stresses may be set up in the sample. 
Figures 17-20 and 23-27 show the effect of different sample 
orientations shown in Figure 4 on thermal expansion. It 
appears that sample orientation has no effect on results. 
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There were no differences in the expansion characteristics 
whether the sample came from the top, bottom, or side of 
the broken bar. 
The thermal expansion curves in Figures 16-37 show 
changes in linearity in the same temperature range that 
strength increases were observed. Although the exact 
temperature of change in slope is questionable, a change 
definitely occurred. 
The change in linearity could be related to glass 
behavior. Figure 38 shows [35] the expansion behavior of a 
silicate glass. Stress relief occurs at low temperatures 
for a quenched glass and causes a dip in the glass expansion 
(curve a). The first dip is caused by the quenched glass 
relieving its stresses. It should be noted that a positive 
expansion occurred for both the quenched glass (a) and an 
annealed glass (b). The positive expansion is due to a 
reorientation of the glass structures while it becomes less 
dense. Further increases in its temperature cause the glass 
structure to become more fluid, causing the second dip. 
Stress relief begins at some temperature, T^, in 
Figure 38, called the strain point of the glass. As the 
temperature is raised, more stresses are relieved; and 
depending upon the magnitude of the stresses present, the dip 
shown in curve a may or may not be observed. As the tempera-
ture approaches T^, the annealing temperature, thermal 
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ô  0 0 vO to CM 
uoTSUBdxg x^^*^9i{i JBSUTi r^uoojoj 
81 
• • • . 
to 





















P ! /•• 
•H / 
\ 
t o PL, 













1 - 1 
CtJ 
X N <D f-i i 
1 ^ \ ^ 
0 
tSi i H (D E-
^ v 



















C r > C O t ^ O L O « ; t t O C " i 
• « o • c • • • I 


























cu Q) X 






















cn 0 0 vO to 











t^ O C/3 
i H i H 
CJ 
X o 
•H PU en 
LO o a 





4-> r H 
CvJ rt rt 
i H fH e (D H 
P 4 0) 
e r̂  (D H 
i - l E-

















































































tL, » 1 t \ \ k t i n •M ' 0 > CO t ^ vO m ^ tn < 
• . • • • • • • • 
U O T S U B d X - J X B U I J O q i J l B S U T q : jU9DJ t9<J 
1 





a « Rapidly Cooled Sample (Strained) 
b = Strain Freeglass 
|Yield 
•Point 
100 200 300 400 500 600 
Temperature (°C) 
Figure 38. Thermal Expansion of a Glass 
86 
structure. At higher temperature T-, the yield point o£ 
the glass is reached and flow occurs easily. Between the 
annealing temperature and yield point, the peak modulus of 
rupture values should occur. This temperature varies with 
the amount of pressure applied and would be where rapid 
decreases in strength would be expected. Comparison of 
Figure 38 with the refractory expansions curves (Figures 16-37) 
indicates that similar behavior has occurred. 
Expansion curves for the crystalline phases present 
[36-37] in the refractory samples are given in Figure 39. 
The thermal expansion occurs in Figures 16-37 are the result 
of the combined expansion of these phases (quartz, cristo-
balite, mullite, and alumina) and the glass. 
Two expansion curves are given for cristobalite: one 
is linear [36] during the recorded strength increased 
temperature range and the other curve changes slope [37] at 
1500°F. Both curves have been reported as the expansion 
curves for cristobalite. Regardless of which curve is 
correct, no sudden deviations in expansion have been observed 
for cristobalite that would explain the non-linear behavior 
in expansion noted in Figures 16-37. The expansion curves 
of the other crystalline materials also do not explain the 
sudden change in slope that occurs between 1500°F and 2000°F. 
The change in slope is similar, as noted before, to that 
observed for glass. 
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refractory samples: curves showing a quenched stress relief 
glassy behavior (see Figure 25) and curves with an absence 
of this quenched behavior (see Figure 18). Samples broken 
at 2800°F were air quenched and exhibited expansion charac-
teristics similar to the quenched glass (a) in Figure 38. 
Stresses were set up in the glass from differential thermal 
expansion by rapid cooling which were not present under normal 
cooling conditions, and thus the cooling curve behavior is a 
reflection of where stress relief may begin to occur since 
the stresses present are greatly magnified above those that 
occur in normal cooling. Also, the samples have received 
some additional firing while being broken at 2800°F. 
Expansion samples that were broken at room temperature 
exhibited deviations similar to those in curve b of Figure 38. 
Some stresses must have been present in these specimens but 
were of low enough magnitude not to alter the thermal 
expansion curves. 
Mixes I-V were all high-mullite compositions. Their 
room temperature expansion curves tend to follow curve b of 
Figure 38, and the 2800°F expansion curves appear to follow 
curve a. Table 11 gives the temperature of deflections and 
their direction. There is good agreement between the 
deflection behavior of glass and the refractory samples 
except for samples 1-4 and II-3. Their deflection is 
opposite to that expected from glass behavior at high tempera-
tures (greater than To). Particle size of the materials, the 
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Table 11. The Temperatures of Thermal Expansion 
Slope Changes 
Graph Sample M.O.R. Temp, of Direction of 
No. No. Conditions Slope Changes Slope Change 
13 1-2 Room Temp. 1860°F Up 
14 1-4 Room Temp 1740°F Down 
15 1-4 Room Temp 1620°F Down 
16 1-4 Room Temp. 1660°F Down 
17 1-4 Room Temp. 1560°F Down 
Avg. ( jraphs 13--17 1748°F Up and Down 
18 1-38 2800°F 1480°F 1780°F 
Down 
Up 
19 II-3 Room Temp. 1410°F Down 
20 11-37 2800°F 1560°F 1810°F 
Down 
Up 
21 11-37 2800°F 1620°F 1860°F 
Down 
Up 
22 11-37 2800°F 1780°F 1820°F 
Down 
Up 
23 11-37 2800°F 1740°F 1860°F 
Down 
Up 
24 11-37 2800°F 1740°F 1870°F 
Down 
Up 
Avg. ( jraphs 20--24 1680°F 1844°F 
Down 
Up 
25 III-3 Room Temp. 1680°F Up 
26 III-38 2800°F 1530°F 1800°F 
Down 
Up 
27 IV-2 Room Temp. 1910°F Up 
28 IV-37 2800°F 1640°F 1960°F 
Down 
Up 
29 V-2 Room Temp. 1760°F Up 
30 V-37 2800°F 1500°F Up 
31 VI-3 Room Temp. 1500°F Down 
32 VI-38 2800°F 1940°F Up 
33 VII-3 Room Temp. 1870°F Up 
34 VII-37 2800°F 1780°F Up 
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amount o£ glass present, or strains present could have caused 
this behavior. 
The large amount of alumina in mixes V, VI, and VII 
mask the effect of the small quantities of glass present. 
Slight positive deviations were noted in the thermal expan-
sion curves for all samples except sample VI-3. Again, 
particle size, strain, or the amount of glass could cause 
this expected variation from Figure 38. Quenching of the 
high temperature modulus of rupture samples (2800°F) did not 
magnify stress relaxation enough to become detectable by 
thermal expansion. 
The temperatures where slope changes occurred for 
mixes I-VII are given in Table 11. The mullite compositions 
(mixes I-IV) show the effect of stress relief in the glass 
due to sample quenching. For this reason, two temperatures 
are given for these samples as there are two temperatures 
where the slope distinctly changes. These two temperatures 
are where stress relief begins (strength begins to increase) 
and the temperature where annealing occurs (strength 
maximizes). Samples 1-38, 11-37, III-38, and IV-37 were 
broken at 2800°F and show these two distinct breaks in their 
curves. All other thermal expansion samples show only the 
second temperature change. 
The change in slope for samples 1-2 and 1-4 (room 
temperature) occurs at 1748°F. Sample 1-38 (2800°F) shows 
two breaks in the slope, occurring at 1480°F and 1780°F. The 
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first break in sample 1-38 is due to stress relief, as 
mentioned earlier, and is the temperature where strength 
should begin to increase. The plot of hot modulus of rupture 
values in Figure 8 shows that strength has increased from 
761 psi at room temperature to 964 psi at 1600°F. The 
annealing temperature for samples 1-2 and 1-4 (1748°F) and 
sample 1-38 (1780°F) are where strength should maximize 
because of particle movement. Table 12 shows that for mix I 
strength reached a maximum value at 1800°F of 53 percent 
above room temperature values. 
A good correlation between strength behavior 
predicted by thermal expansion data with the actual tempera-
ture where strength maximized as determined by hot modulus 
of rupture occurred for the other mullite compositions. The 
2800°F samples for mixes II, III, and IV predicted that 
strength should begin to rise at the strain points of 1680°F, 
1530°F, and 1640°F. Examining Figures 9, 10, and 11, 
strength was found to increase from 555 psi at room tempera-
ture to 664 psi at 1600°F for mix II, to increase from 1333 
to 1653 psi for mix III, and to increase from 935 to 1038 psi 
for mix IV. The thermal expansion curves for mix II predict 
that strength should maximize at 1410°F and 1844°F for 
samples II-3 (room temperature) and 11-37 (2800°F). Although 
the value of 1410°F was probably low, strength peaked at 
1800°F, indicating a good correlation between values predicted 
by thermal expansion and those actually measured by hot 
92 
Table 12. Hot Modulus of Rupture Peak Temperature and 
Percent Strength Increase for Mixes I-VII 
Mix 
Strength Peak Temp. Percent Strength Increase 
(±200°F) Above Room Temp. 
I 1800°F 53 
II 1800°F 61 
III 1800°F 48 
IV 2000°F 22 
V 1800°F 47 
VI 1800°F 55 
VII 1800°F 38 
D^^^«^-^ c-Ĥ ^̂ +̂T. Tv,̂ -v.̂ oo.. - Room Temp. Strength-Peak Strength 
Percent Strength Increase = ^—,—zn:^ irr — 
^ Peak Strength X 100 
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modulus of rupture. Mix III showed that strength reached a 
maximum at 1680°F and 1800°F for samples III-3 (room tempera-
ture) and III-38 (1800°F), Modulus of rupture measurements 
indicated strength reached a maximum at 1800°F for mix III. 
The strength peak for mix IV was determined to be at 2000°F 
by modulus of rupture and was predicted to occur at 1910°F 
and 1960°F by thermal expansion samples IV-2 (room tempera-
ture) and IV-37 (2800°F). Glass relaxation in the high 
mullite bodies correlated well with strength changes. When 
glass relaxation allows stress relief, the strength begins 
to increase. When the glass reached the annealing tempera-
ture, the strength reached a maximum and then began to 
decrease as the glass allowed particle movement. 
Changes in linearity were difficult to detect for 
samples of the high alumina compositions (mixes V, VI, and 
VII). The thermal expansion slope change for samples V-2 
(room temperature) and V-37 (2800°F) predicted strength to 
maximize at 1760"F and 1500°F. Mix VI predicted strength to 
peak at 1500°F (sample VI-3) and 1940°F (sample VI-38) while 
mix VII predicted strength to peak at 1870°F (sample VII-3) 
and 1780°F (sample VII-37). Strength reached a maximum at 
1800°F for all these mixes as measured by modulus of rupture. 
In spite of the difficulty in interpreting the data due to 
the small glass content, the thermal expansion curves for 
only two samples (V-37 and VI-3) predicted the temperatures 
of the strength maximums which were off by more than 150°F. 
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Thermal expansion behavior for mixes I-VII indicated 
that glass stress relief occurred in the same temperature 
range where maximum strength values occurred. The theory of 
strength increased by stress relief supported by Duncan in 
contrast to the crystal precipitation mechanism proposed by 
Smith appears to be the cause of the observed strength peaks. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
1. The hot modulus of rupture strengths o£ four 
mullite and three high-alumina refractory compositions 
reached a maximum value at 1800°F for six of the composi-
tions and at 2000'̂ F for one composition. 
2. The weight percent of alumina, mullite, cristo-
balite, quartz, and glass (by difference) remained constant 
for all of the compositions from room temperature to about 
2400°F. This is above the temperature range where hot 
modulus of rupture strength reached a maximum value, thus, 
changes in phase content were not related to the strength 
increase at high temperature. 
3. Changes in the slope of thermal expansion curves 
were shown to be related to stress relief and crystalline 
particle movement in the glassy phase present. 
4. A correlation between the temperature of slope 
changes in the thermal expansion curves and the temperature of 
hot modulus of rupture maximum strength indicated that 
stress relief of the glass and crystalline particle movement 
were the major factors causing the strength increases. 
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Recommendations 
Additional studies investigating the effect of glass 
and cristobalite on hot modulus of rupture strength are 
needed. Such studies could indicate the influence of 
crystal precipitation on hot modulus of rupture values. 
These studies could be accomplished by firing a high-mullite 
body similar to the one investigated to a temperature where 
no free quartz or cristobalite exists (probably 2800°F). 
Measuring the hot modulus of rupture of these samples would 
give the effect of strength increases due to stress relief 
and crystal precipitation. Refiring a second group of the 
sam.ples to the temperature range where cristobalite precipi-
tated, then measuring the hot modulus of rupture of the 
samples would give the influence on strength of only stress 
relief, as the cristobalite would have already precipitated. 
Fired density of the samples would not have changed signifi-
cantly, eliminating its role in strength behavior. Calculating 
the percentage increase in strength of both samples, differ-
ences in the percent strength increases would be due to 
cristobalite precipitation and thus indicate the influence 
of phase precipitation on strength. Although the present 
work concludes that cristobalite precipitation and glass 
decreases are not a cause of strength increases, their 






MODULUS OF RUPTURE DATA 
Composition I 
(Rate of Loading = 12.5 Ib/min) 
Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt.(lbs) (psi) 
I-l Room Temp 1.00 1.00 145.6 874 
1-2 Room Temp 1.00 1.01 127.4 750 
1-3 Room Temp 1.00 0.98 104 650 
1-4 Room Temp 1.00 1.01 126.1 742 




1-6 1600°F 1.01 1.01 136.2 787 
1-7 1600°F 1.01 1.00 145.6 865 
1-8 1600°F 1.00 0.99 176.8 1083 
1-9 1600°F 1.00 1.00 153.4 920 




I-ll 1800°F 1.00 1.01 211.9 1247 
1-12 1800°F 1.00 1.00 245.7 1474 
1-13 1800°F 1.00 1.01 162.5 956 
1-14 1800°F 1.00 1.02 214.5 1238 




1-16 2000°F 1.00 1.04 193.7 1074 
1-17 2000°F 1.00 1.00 182.0 1092 
1-18 2000°F 1.00 0.99 149.5 915 
1-19 2000°F 1.00 1.02 183.3 1085 
1-20 2000°F 1.00 1.00 169.0 1014 
Average 1031 
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Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
1-21 2200°F 1.00 1.02 100.1 578 
1-22 2200°F 1.00 1.01 88.4 520 
1-23 2200°F 1.00 1.00 101.4 608 
1-24 2200°F 1.00 1.02 44.2 255 




1-26 2400°F 1.00 1.00 55.9 335 
1-27 2400°F 1.00 1.01 68.9 405 
1-28 2400°F 1.00 1.02 78.0 450 
1-29 2400°F 1.00 1.02 79.3 458 




1-31 2600°F 1.00 1.01 52.0 306 
1-32 2600°F 1.00 1.00 44.2 265 
1-33 2600°F 1.00 1.01 49.4 291 
1-34 2600°F 1.00 1.01 55.9 329 
1-35 2600°F 1.00 1.00 54.6 328 
Average 304 
1-36 2800°F 1.00 1.02 37.7 218 
1-37 2800°F 1.00 1.00 35.1 211 
1-38 2800°F 1.00 1.00 40.3 242 
1-39 2800°F 1.00 1.01 33.8 199 









Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt.(lbs) (psi) 
II-l Room Temp 1.00 0.99 92.6 589 
11 - 2 Room Temp 1.00 1.03 109.2 617 
II-3 Room Temp 1.00 1.01 84.5 497 
II-4 Room Temp 1.00 1.01 85.8 505 
II-5 Room Temp 1.00 1.01 96.2 566 
Average 555 
II-6 1600°F 1.00 1.01 81.9 482 
II-7 1600°F 1.01 1.02 114.4 653 
II-8 1600°F 1.00 1.03 131.3 742 
II-9 1600°F 1.00 1.04 130.0 721 
11-10 1600°F 1.00 1.02 124.8 720 
Average 664 
11-11 1800°F 1.00 1.02 166.4 960 
11-12 1800°F 1.00 1.03 178.1 1007 
11-13 1800°F 1.00 1.01 145.6 857 
11-14 1800°F 1.00 1.02 145.6 840 




11-16 2000°F 1.00 1.04 145.6 808 
11-17 2000°F 1.00 1.03 109.2 617 
11-18 2000°F 1.00 1.03 126.5 772 
11-19 2000°F 1.00 1.02 150.8 870 




11-21 2200°F 1.00 1.04 91.0 505 
11-22 . 2200°F 1.00 1.02 115.7 668 
11-23 2200°F 1.00 1.04 104.0 577 
11-24 2200°F 1.00 1.02 94.9 548 
11-25 2200°F 1.00 1.02 94.9 548 J 
Average 569 
1 11-26 2400°F 1.00 1.04 53.3 296 
11-27 2400°F 1.00 1.04 75.4 418 
11-28 2400°F 1.00 1.03 67.6 382 
11-29 2400°F 1.00 1.06 63.7 340 
11-30 2400°F 1.00 1.02 53.3 308 
Average 349 
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Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt.(lbs) (psi) 
11-31 2600°F 1.00 1.04 39.0 216 
11-32 2600°F 1.00 1.04 39.0 216 
11-33 2600°F 1.00 1.03 41.6 235 
11-34 2600°F 1.00 1.05 42.9 233 
11-35 2600°F 1.00 1.03 39.0 221 
Average 224 
1.03 27.3 154 
1.05 35.1 191 
1.05 39.0 212 
- 1.02 35a 203 
1.03 35.1 211 
Average 194 
11-36 2800°F 1.00 
11-37 2800°F 1.00 
11-38 2800°F 1.00 
11-39 2800°F 1.00 
11-40 2800°F 1.00 
Composition Ill 
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Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt.(lbs) (psi) 
III-l Room Temp 0.97 0.92 162.5 1188 
III-2 Room Temp 0.96 0.92 180.7 1334 
III-3 Room Temp 0.96 0.92 193.7 1430 
III-4 Room Temp 0.96 0.90 158.6 1224 




III-6 1600°F 0.96 0.92 189.8 1402 
III-7 1600°F 0.96 0.92 193.7 1430 
III-8 1600°F 0.96 0.89 267.8 2114 
III-9 1600°F 0.96 0.91 211.9 1599 




III-ll 1800°F 0.97 0.93 210.6 1507 
j III-12 1800°F 0.96 0.93 340.6 2460 
• III-13 1800°F 0.96 0.92 241.8 1786 
III-14 1800°F 0.96 0.90 250.9 1936 




III-16 2000°F 0.96 0.97 214.5 1420 
III-17 2000°F 0.96 0.95 247 1710 
III-18 2000°F 0.96 0.94 269.1 1904 
III-19 2000°F 0.96 0.95 275.6 1908 




III-21 2200°F 0.97 0.93 176.8 1265 
III-22 • 2200°F 0.96 0.93 171.6 1239 
III-23 2200°F 0.96 0.92 192.4 1421 
III-24 2200°F 0.96 0.93 210.6 1521 




^ III-26 2400°F 0.97 0.92 113.1 827 
. III-27 2400°F 0.97 0.93 106.6 763 
III-28 2400°F 0.96 0.93 102.7 742 
III-29 2400°F 0.96 0.93 101.4 732 




Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
III-31 2600°F 0.98 0.96 63.7 423 
III-32 2600°F 0.96 0.92 53.3 394 
III-33 2600°F 0.96 0.93 50.7 366 
III-34 2600°F 0.97 0.92 50.7 371 




III-36 2800°F 0.96 0.93 36.4 263 
III-37 2800°F 0.96 0.94 31.2 221 
III-38 2800°F 0.96 0.93 29.9 216 
III-39 2800°F 0.96 0.93 32.5 235 




Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) Cpsi) 
IV-1 Room Temp 1.00 0.98 157.3 983 
IV-2 Room Temp 1.00 0.98 130.0 812 
IV-3 Room Temp 1.00 0.97 158.6 1011 
IV-4 Room Temp 1.00 0.97 133.9 854 
IV-5 Room Temp 1.00 0.96 156.0 1015 
Average 935 
IV-6 1600°F 1.00 0.98 183.3 1145 
IV-7 1600°F 1.00 0.99 157.3 963 
IV-8 1600°F 1.00 0.98 157.3 983 
IV-9 1600°F 1.00 0.99 
IV-10 1600°F 1.00 0.99 172.9 1059 
Average 1038 
IV-11 1800°F 1.00 1.02 202.8 1170 
IV-12 1800°F 1.00 1.01 175.5 1033 
IV-13 1800°F 1.00 1.00 210.6 1264 
IV-14 1800°F 1.00 1.00 130.0 780 
IV-15 1800°F l.OQ 0.99 191.1 1170 
Average 1083 
IV-16 2000°F 1.00 0.98 208.0 1299 
IV-17 2000°F 1.00 0.99 187.2 1146 
IV-18 2000°F 1.00 0.96 153.4 998 
IV-19 2000°F 1.00 0.96 163.8 1066 
IV-20 2000°F 1.00 0.98 191.1 1194 
Average 1141 
IV-21 2200°F 1.00 0.98 124.8 780 
IV-22 2200°F 1.00 0.99 144.3 884 
IV-23 2200°F 1.00 0.97 146.9 937 
IV-24 2200°F 1.00 0.98 150.8 942 
IV-25 2200°F 1.00 0.97 123.5 788 
Average 866 
IV-26 2400°F 1.00 0.96 80.6 525 
IV-27 2400°F 1.00 0.98 81.7 544 
IV-28 2400°F 1.00 0.96 84.5 550 
IV-29 2400°F 1.00 ^ 0.96 83.2 541 
IV-30 2400°F 1.00 0.97 76.7 489 
Average 530 
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Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
IV-31 2600°F 1.00 0.95 45.5 302 
IV-32 2600°F 1.00 0.97 46.8 294 
IV-33 2600°F 1.00 0.98 44.2 276 
IV-34 2600°F 1.00 0.97 48.1 307 




IV-36 2800°F 1.00 0.98 40.3 252 
IV-37 2800°F 1.00 0.98 37.7 235 
IV-38 2800°F 1.00 0.99 39.0 239 
IV-39 2800°F 1.00 0.97 39.0 249 




Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
V-1 Room Temp 1.00 0.97 219.7 1401 
V-2 Room Temp 1.00 0.97 213. 2 1360 
V-3 Room Temp 1.00 0.97 257.4 1641 
V-4 Room Temp 1.00 0.96 256.1 1667 






V-6 1600°F 1.00 0.97 284.7 1816 
V-7 1600°F 1.00 0.96 361.4 2352 
V-8 1600°F 1.00 0.96 253.5 1650 
V-9 1600°F 1.00 0.92 280.8 1964 






V-11 1800°F 1.00 0.95 322.4 2143 
V-12 1800°F 1.00 0.96 396.5 2580 
V-13 1800°F 1.00 0.96 282.1 1836 
V-14 1800°F 1.00 0.95 314.6 2091 






V-16 2000°F 1.00 0.96 247.0 1607 
V-17 2000°F 1.00 0.97 214.5 1368 
V-18 2000°F 1.00 0.95 330.2 2195 
V-19 2000°F 1.00 0.96 218.4 1421 






V-21 2200°F 1.00 0.93 119.6 830 
V-22 • 2200°F 1.00 0.95 84.5 562 
V-23 2200°F 1.00 0.95 125.2 899 
V-24 2200°F 1.00 0.95 175.5 1166 






V-26 2400°F 1.00 0.98 61.1 382 
V-27 2400°F 1.00 0.98 196.3 1226 
V-2 8 2400°F 1.00 0.98 167.7 1027 
V-29 2400°F 1.00 0.98 161.2 1007 
V-30 2400°F 1.00 0.98 107.9 674 
Average 863 
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Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
V-31 2600°F 1.00 1.00 70.2 421 
j V-32 2600°F 1.00 0.98 79.3 495 
V-33 2600°F 1.00 0.98 79.3 495 
V-34 2600°F 1.00 0.98 62.4 390 
V-35 2600°F 1.00 0.98 61.1 382 
Ave rage 437 
V-36 2800°F 1.00 0.99 88.4 561 
V-37 2800°F 1.00 0.98 71.5 447 
V-38 2800°F 1.00 0.97 71.5 456 
V-39 2800°F 1.00 0.98 72.8 464 
V-40 2800°F 1.00 0.99 65.0 398 
Ave rage 461 
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Composition VI 
Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
VI-1 Room Temp 1.00 1.03 305.5 1727 
VI-2 Room Temp 0.99 1.00 286.0 1698 
VI-3 Room Temp 1.00 1.02 209.3 1208 
VI-4 Room Temp 1.00 1.01 193. 7 1140 






VI-6 1600°F 1.00 1.02 267.8 1545 
VI-7 1600°F 1.00 1.01 
VI-8 1600°F 1.00 1.00 167.7 1006 
VI-9 1600^F 1.00 1.00 230.1 1381 






VI-11 1800°F 1.00 1.00 343.2 2059 
VI-12 1800°F 1.00 1.02 280.9 2198 
VI-13 1800°F 1.00 0.99 344.5 2109 
VI-14 1800°F 1.00 1.00 449.8 2699 








VI-17 2000°F 1.00 1.00 226.2 1357 
VI-18 2000°F 1.00 0.98 222.3 1389 
VI-19 2000°F 1.00 0.98 198.9 1242 






VI-21 2200°F 1.00 0.97 118.3 754 
VI-22 2200°F 1.00 0.99 132.6 812 
VI-23 2200°F 1.00 0.98 117.0 731 
VI-24 2200°F 1.00 1.00 132.6 796 






VI-26 2400°F 1.00 1.00 67.6 406 
VI-27 2400°F 1.00 1.00 139.1 835 
VI-28 2400°F 1.00 0.99 85.8 525 
VI-29 2400°F 1.00 0.99 79.3 486 
VI-30 2400°F 1.00 1.00 71.5 429 
Average 536 
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Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
VI-31 2600°F 1.00 0.99 42.9 236 
VI-32 2600°F 1.00 0.98 41.6 260 
VI-33 2600°F 1.00 1.00 45.5 273 
VI-34 2600°F 1.00 1.02 52.0 300 
VI-35 2600°F 1.00 1.00 46.8 281 
Ave rage 275 
VI-36 2800°F 1.00 1.00 156.0 936 
VI-37 2800°F 1.00 0.98 150.8 942 
VI-38 2800°F 1.00 0.99 133.9 820 
VI-39 2800°F 1.00 0.98 137.8 861 




Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt.(lbs) (psi) : 
VII-1 Room Temp 1.00 1.03 213.2 1205 
VII-2 Room Temp 1.00 0.99 222.3 1361 
VII-3 Room Temp 1.00 1.03 215.8 1220 
VII-4 Room Temp 1.00 1.01 232.7 1369 
i VII-5 
VII-6 




VII-7 1600°F 1.00 1.01 
VII-8 1600°F 1.00 1.01 180.7 1063 
VII-9 1600°F 1.00 1.02 39.0 225 




VII-11 1800°F 1.00 1.02 305.5 1763 
VII-12 1800°F 1.00 1.02 254.8 1470 
VII-13 1800°F 1.00 1.01 353.6 2081 
VII-14 1800°F 1.00 1.02 323.7 1868 




VII-16 2000°F 1.00 1.03 227.5 1286 
VII-17 2000°F 1.00 1.01 252.2 1484 
VII-18 2000°F 1.00 1.01 275.6 1622 
VII-19 2000°F 1.00 1.00 250.9 1505 




VII-21 2200°F 1.00 1.02 169.0 975 
VII-22 2200°F 1.00 1.02 184.6 1065 
VII-23 2200°F 1.00 1.02 161.2 930 
VII-24 2200°F 1.00 1.02 171.6 990 




VII-26 2400°F 1.00 1.02 110.5 638 
VII-27 2400°F 1.00 1.01 102.7 604 
i VII-28 2400°F 1.00 1.01 104.0 612 
VII-29 2400°F 1.00 1.03 109.2 617 





I l l 
Sample Breaking Width Depth Breaking MOR 
No. Temp. (in) (in) Wt. (lbs) (psi) 
VII-31 2600°F 1.00 1.02 70.2 405 
VII-32 2600°F 1.00 1.00 7 8.0 468 
VII-33 2600°F 1.00 1.00 78.0 468 
VII-34 2600°F 1.00 1.02 83.2 480 




VII-36 2800°F 1.00 1.03 58.5 331 
VII-37 2800°F 1.00 1.04 54.6 303 
VII-38 2800°F 1.00 • 1.02 57.2 330 
VII-39 2800°F 1.00 1.00 62.4 374 





X-RAY PHASE ANALYSIS 
(Wt. Percent Phase) 















































































































































Sample Rutlie Alumina Crist Quartz Mullite 
















































Std. 4 Counts 
Ratio 


































































































































































W t . % 
8 Counts 
Ratio 






W t . % 
9 Counts 
Ratio 
W t . % 
10 Counts 
Ratio 



































































































































































































Alumina Crist Quartz Mullite 
4043 35457 6479 24441 
0.1587 1.3916 0.2543 0.9593 
10.22 10.57 10.18 62.29 
3710 36076 6116 24675 
0.1476 1.4349 0.2433 0.9815 
9.90 10.89 9.79 63.70 
13411 50428 None 14132 
0.5530 2.0793 0.5827 
21.56 15.57 38.42 
15364 51991 None 13731 
0.6563 2.2209 0.5865 
24.53 16.60 38.66 
15082 49156 None 13653 
0.6265 2.0419 0.5671 
23.68 15.30 37.43 
20465 52310 None 14633 
0.8679 2.2183 0.6205 
30.62 16,58 40.81 
14057 52281 None 13709 
0.6276 2.3342 0.6121 
23.71 17.42 40.28 
12454 58287 None 13767 
0.5344 2.5012 0.5908 
21.03 18.64 38.93 
13089 47490 None 13512 
0.5809 2.1075 0.5996 
22.36 15.78 39.49 
11905 55023 None 14429 
0.5057 2.3374 0.6130 
20.20 17.45 40.34 
12080 64262 None 16580 
0.4845 2.5773 0.6650 
19.59 19.19 43.63 
14192 60737 None 15206 
0.5871 2.5128 0.6291 




































































































































































































































































































































































































































































































































































11-40 Counts 22013 
Ratio 
Wt. % 
























III-4 Counts 2 42 39 
Ratio 
Wt . % 
III-5 Counts 21427 
Ratio 















III-14 Counts 24209 
Ratio 
Wt. I 























III-8 Counts 24435 13370 47081 None 14229 
Ratio 0.5472 1.9270 0.5823 
Wt. I 21.40 14.46 38.39 
III-9 Counts 23926 13939 50643 None 13950 
Ratio 0.5827 2.1172 0.5832 
Wt. % 22.42 15.85 38.45 
III-IO Counts 24570 15322 54193 None 14713 
Ratio 0.6236 2.2057 0.5988 
W t . % 39.44 16.49 23.59 
III-13 Counts 23042 15426 43222 None 13559 
Ratio 0.6695 1.8758 0.5884 

































III-l̂  Count: 
Ratio 































































































































































































































































































































































I V - 1 4 
I V - 1 5 
I V - 1 8 
I V - 1 9 
I V - 2 0 
I V - 2 1 
I V - 2 2 
I V - 2 5 
I V - 2 8 
I V - 2 9 
I V - 3 0 









































































































































































































































































































































































































































































































25744 74815 5452 1486 3116 
2.9061 0.2118 0.0577 0.1210 
89.28 1.99 3.22 9.16 
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Sample Rutile Alumina Crist Quartz Mullite 











































































































































































Sample Rutile Alumina Crist Quartz Mullite 
VII-33 Counts 22552 54887 56 52 6072 
Ratio 2.4338 0.0025 0.0023 0.2692 
Wt. % 75.69 0.47 *1.26 18.55 
VII-34 Counts 23876 62750 413 16 6347 
Ratio 2.6282 0.0173 0.0007 0.2658 


















































































































































































































































































































































Sample Reading not used. 
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Sample Rutile Alumina Crist Quartz Mullite 
2400°F Counts 
(water) Ratio 
































































































X-RAY PHASE ANALYSIS RESULTS 
Phase Analysis o£ Mix I at Each Modulus Temperature 
Percent Percent 
Temperature Alumina Crist 
Room Temp 22.3 15.8 
1600°F 22.4 17.6 
1800°F 20.7 17.5 
2000°F 22.3 17.5 
2200°F 22.3 18.4 
2400°F 23.1 16.1 
2600°F 21.7 12.4 





















Phase Analysis o£ Mix II at Each Modulus Temperature 
Percent Percent Percent Percent 
Temperature Alumina Crist Quartz Mullite Total 
Room Temp 25.5 16.1 None 42.4 84.0 
1600°F 22.3 15.8 None 40.5 78.6 
1800°F 23.8 16.8 None 43.0 83.6 
2000°F 22.9 15.3 None 42.9 81.1 
2200°F 22.5 14.3 None 41.0 78.8 
2400°F 22.3 13.9 None 42.1 78.3 
2600°F 21.3 12.1 None 45.0 78.4 
2800°F 18.9 0.6 None 52.4 71.9 
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Phase Analysis of Mix III at Each Modulus Temperature 
Percent Percent Percent Percent 
Temperature Alumina Crist Quartz Mullite Total 
Room Temp 24.7 14.4 None 38.1 77.2 
1600°F 22.5 15.6 None 38.8 76.9 
1800°F 23.7 13.9 None 38.4 75.9 
2000°F 22.0 15.1 None 39.8 76.9 
2200°F 22.1 14.9 None 40.6 77.6 
2400°F 21.7 14.5 None 39.6 75.8 
2600°F 22.0 12.9 None 42.0 76.9 
2800°F 19.4 0.8 None 48.1 68.3 
Phase Analy sis o£ Mix IV at Each Modulus Temperature 
Percent Percent Percent Percent 
Temperature Alumina Crist Quartz Mullite Total 
Room Temp 20.8 16.9 None 42.7 80.4 
1600°F 19.5 16.4 None 43.1 79.0 
1800°F 19.9 15.9 None 41.5 77.3 
2000°F 21.7 15.7 None 41.3 78.7 
2200°F 20.0 14.3 None 40.4 74.7 
2400°F 19.9 14.7 None 43.2 77.8 
2600°F 20.2 13.9 None 46.3 80.4 
2800°F 15.3 0.4 None 52.8 68.5 
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Phase Analysis o£ Mix V at Each Modulus Temperature 
Percent Percent Percent Percent 
Temperature Alumina Crist Quartz Mullite Total 
Room Temp 82.4 2.7 1.7 10.6 97.4 
1600°F 90.2 2.9 3.5 4.8 101.4 
1800°F 95.1 3.1 3.7 4.2 106.1 
2000°F 85.1 2.9 3.2 6.2 97.4 
2200°F 91.8 3.1 3.5 5.1 103.5 
2400°F 88.9 2.5 2.7 9.9 104.0 
2600°F 88.2 1.8 2.9 9.0 101.9 
2800°F 86.1 0.5 1.5 11.7 99.8 
Phase Analysis of Mix VI at Each Modulus Temperature 
Percent Percent Percent Percent 
Temperature Alumina Crist Quartz Mullite Total 
Room Temp 95.0 2.3 4.4 2.9 104.6 
1600°F 91.1 2.0 4.4 2.1 99.6 
1800°F 88.1 2.0 3.8 3.2 97.1 
2000°F 93.1 2.1 3.8 3.4 102.4 
2200°F 91.1 2.2 3.6 3.4 100.3 
2400°F 90.7 2.3 3.2 4.7 100.9 
2600°F 89.6 1.9 2.1 7.9 101.5 
2800°F 77.1 0.8 None 13.7 91.6 
Phase Analysis of Mix VII at Each Modulus Temperature 
Percent Percent Percent Percent 
Temperature Alumina Crist Quartz Mullite 
Room Temp 82.0 2.9 None 13.4 
1600°F 74.9 2.5 None 13.0 
1800°F 80.5 2.2 None 14.2 
2000°F 78.9 2.2 None 14.0 
2200°F 76.5 1.4 None 14.1 
2400°F 78.5 0.9 None 15.7 
2600°F 76.8 0.3 None 18.4 
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